[1] By inspecting continuous Trinet waveform data, we find 42 foreshocks in the 20-hour period preceding the 1999 Hector Mine earthquake, a substantial increase from the 18 foreshocks in the catalog. We apply waveform crosscorrelation and the double-difference method to locate these events. Despite low signal-to-noise ratio data for many of the uncataloged foreshocks, correlation-based arrival time measurements are sufficient to locate all but three of these events, with location uncertainties from $100 m to 2 km. We find that the foreshocks fall on a different plane than the initial subevent of the mainshock, and that the foreshocks spread out over the plane with time during the sequence as the time of the mainshock approaches.
Introduction
[2] Foreshocks provide the clearest indication of precursory activity before at least some earthquakes [Jones and Molnar, 1979] . For this reason, it is important to understand as much as we can about the mechanics and statistics of foreshock sequences. Nearly half of all well-recorded earthquakes have at least one foreshock [Jones 1984; Abercrombie and Mori, 1996] .
[3] The M7.1, October 16, 1999 Hector Mine earthquake, shown in Figure 1 , is documented to have been preceded by a sequence of 18 foreshocks in the 20 hours before the mainshock [Hauksson et al., 2002] . These foreshocks were detected and located by the Southern California Seismic Network (SCSN). We have examined the same period by eye using continuous waveforms from the stations nearest to the foreshock sequence and have found at least 42 foreshocks in the sequence over this time period. Standard event detection algorithms must be conservative in order to avoid many false alarms. However, this difference between the cataloged foreshocks and the additional events suggests that we may be able to learn a great deal more by studying continuous data during sequences of special interest. The fact that so many of the Hector Mine foreshocks went uncataloged also suggests that foreshocks may be more common than previously reported.
[4] Although the Hector Mine foreshock sequence occurred in an area of sparse instrumentation, we are able to obtain precise locations for 39 of the 42 foreshocks by making precise arrival time measurements from waveform data even at low signal to noise ratio (snr) and doubledifference relocation. After relocation we find that the foreshocks occurred on the mainshock initiation plane and that the extent of the foreshock zone expands as the time of the mainshock approaches.
Event Identification
[5] Initially, 18 foreshocks were identified by the SCSN in the 20 hours preceding the Hector Mine earthquake. These events were recorded by the TriNet/SCSN network, which is divided into 75 overlapping subnets. The network detection protocol has several stages. If four or more stations in a subnet detected a signal strength that is greater than the noise, then a trigger is identified for that subnet. An identified event is then reviewed by a seismic analyst for phase picking. The foreshocks to the Hector Mine earthquake range in magnitude from M 1.3 to 3.7, and are clustered in two temporal clusters. Although the network is sparse in this area of California, these events are sufficiently prominent at enough stations to catalog and obtain reasonable locations.
[6] There are, however, other foreshocks in this time period that are not cataloged or located. In the continuous records at the six stations closest to the Hector Mine mainshock, we found an additional 24 foreshocks that were not previously cataloged. Moreover, three additional events with similar waveforms can be identified only at CDY, the closest station to the foreshocks. This brings the number of foreshocks visible in this sequence to 45, using this method. The first 25 events occur 20-13 hours before the mainshock, and the next 17 begin five hours after that, with the latest occurring just 19 minutes before the mainshock, as shown in Figure 2b .
[7] CDY shows the clearest record of the foreshocks (Figure 2a) . Many of the smaller and uncataloged waveforms have low snr. Also, two events with clearly discernable phases show opposite polarity from the other events. This may mean that these events have a different focal mechanism from the other events and suggests the involvement of more than one fault plane at the mainshock initiation point.
[8] The other stations used to relocate the uncataloged events (CPM, GTM, RMM, RMR and TPC) are also shown in Figure 1 . All of the cataloged foreshocks and a few of the uncataloged foreshocks are also detectable at GRP, the sole station nearly due east of the foreshock sequence; however, most of the uncataloged foreshocks are poorly recorded there GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 8, 1429 , doi:10.1029 /2002GL016383, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2002GL016383$05.00 because the snr is too low for such small events. This means that the station coverage is highly non-uniform, with large gaps particularly to the east of the sequence and is especially severe for some of the uncataloged events. Although this station coverage is not ideal for relocation, there is still enough data to recover good locations for both the cataloged and uncataloged foreshocks, particularly if we can measure S-wave arrival times as well as P-wave arrival times.
Data Analysis

Correlation
[9] We located the foreshocks using waveform crosscorrelation [Schaff et al., 2002b] and double difference relocation [Waldhauser and Ellsworth, 2000] . We use a time domain method that Schaff et al. have shown to be a robust method for obtaining relative arrival times, but use both time and frequency domain correlation techniques to define the quality of the data that we keep [Schaff et al., 2003] . We perform the cross correlation over a window centered on a preliminary phase pick, using a 128-sample window and a 0.01-sec sampling rate. For waveforms at CDY, the phase arrivals are handpicked, while at the other five stations, the arrivals are estimated relative to the arrival at CDY and visually reviewed.
[10] In datasets of repeating or closely spaced events on the Calaveras fault, Schaff et al. [2002a] used arrival time measurements with correlation coefficients greater than 60% because these observations were found to provide precise data, based on their low post-fit residuals, for relocation. In this study we also use a correlation coefficient of 60% as the cutoff for observations involving uncataloged events. For cataloged events, the number of observations is large enough to allow using only data with a somewhat higher correlation coefficient cutoff of 70%. This higher threshold reduces the possibility of introducing outliers.
[11] For cataloged foreshocks, we supplement the data from the six closest stations with relative arrival time measurements from approximately 190 other stations in the network where these events were measured. Unfortunately, this additional information is not available for the uncataloged events, because these events were too small or noisy to be detected at those stations. This means that during relocation these events may not have enough observations to find a well-constrained solution, and may be more strongly influenced by the asymmetric station geometry or outliers, increasing their location error.
Relocations
[12] We compiled a dataset of 4111 P-wave and 3817 S-wave relative arrival times, through waveform crosscorrelation. The double-difference relocation method allows us to use relative arrival time information and reduces location error due to unmodeled velocity variations [Waldhauser and Ellsworth, 2000] . We use the velocity model from Wald et al. [1995] .
[13] It is difficult to obtain accurate relative arrival times between a large magnitude event, like the mainshock, and small foreshocks, using cross correlation because of waveform clipping and differences in spectral content. In order to calculate a more precise location for the mainshock, we use a reference foreshock with a clear first break to assign first break times to foreshocks that correlate with the reference event. These first break times are then differenced with the [14] We first relocate all the events using all the data, which results in locations for 40 events, including the mainshock. Initially, we assign the uncataloged events a starting location that is the mean location of all the foreshocks because the uncataloged events do not have initial locations. During the relocation, data is culled through residual reweighting and parameters derived from the relocation, such as the distance between event pairs. This leads to the elimination of 25% of the data and three events. The three events were all uncataloged foreshocks with very low snr.
[15] Next, we used a bootstrap of the post-fit residuals to estimate the relative location error of the events [Efron, 1982; Waldhauser and Ellsworth, 2000] . Waldhauser et al. used a bootstrap for double-difference locations, as well, to constrain the error in a set of repeating events and found the errors to be accurately represented. Our situation is quite different. Instead of repeating earthquakes, we have separate events of varying magnitude, location, and with a sparse and uneven station distribution. The data quality in our sequence may stretch the assumption of normally distributed errors.
[16] We start the bootstrap by adding randomly sampled residuals, with replacement, to relative arrival times calculated from our locations, and this new data is used in the relocation code to obtain new locations. This procedure is repeated 600 times, and the locations from all iterations are saved. We may only perform the bootstrap on events that were initially relocated (40 events including the mainshock). The final locations are taken as the mean of all locations from the iterations. We also calculate 95% confidence intervals for each foreshock location. These represent relative location errors, since we removed the mean location from each iteration.
[17] Our relocations are much more precise than the catalog locations, which for this region have errors on the order of 1 to 2 km. Most events, as shown by the examples in Figure 3 , have errors on the order of ±60 -150 m horizontally, and ±200 -300 m vertically. A few events have errors of 1 -2 km. The errors obtained from the bootstrap are anywhere from 5 to 30 times greater than the formal errors calculated during the relocation. The bootstrap and formal errors in the horizontal are not well correlated; events with large bootstrap errors do not necessarily have large formal errors.
[18] Figures 3b and 3c show cataloged foreshocks, with event 16 exhibiting an snr similar to that of many of the uncataloged events, like event 5 (Figure 3a) . Despite the greater station coverage for event 16, both events have comparable errors. An event with a clear phase arrival does not necessarily fare significantly better, showing similar location variability to other events. However, foreshocks with low snr show a greater variability in location; event 38 shown in Figure 3e , has errors on the order of 500 m Figure 3 . Waveforms, 6 sec around the P-wave arrival, for selected foreshocks, with histograms of the x, y, and depth distributions, in kilometers, of the bootstrapped locations. Events 5, 21 and 38, represented by rows (a), (d) and (e), respectively, are previously uncataloged foreshocks. horizontally and 1 -2 km in depth. All events show a greater longitudinal error than latitudinal error, which is attributable to the gap in coverage to the east. As expected, the cataloged foreshocks all have low errors, while the uncataloged foreshocks have a wider range of errors, from 100 m to 2 km.
Foreshock Analysis
[19] After relocation, most of the 39 foreshocks (Figure 4) are compactly clustered in a 1 km by 1 km region and most are near a plane extending $0.75 km in a N12°W direction and vertically in depth. This corresponds with the N-NW trending surface expression of the mainshock rupture near where the mainshock itself initiated [Hauksson, 2002] . The foreshocks range in depth from 3 to 6 km, with most events clustering at 3.5 to 4.5 km. These events have smaller vertical errors than those at greater depths.
[20] Mechanisms available for six foreshocks are consistent with these locations, as well as with the mainshock's mechanism [Hauksson, 2002] . The relocation of the mainshock, shown by the star in Figure 4a , is on a different plane from foreshocks. However, the 95% confidence error bars of the mainshock overlap those of a few of the foreshocks in the well-defined plane. By performing a bootstrap test on the best-fitting plane to the foreshocks and comparing the results to the mainshock's position, we may exclude the mainshock from the plane of the foreshocks at a 95% confidence. There are other foreshock sequences that similarly have been displaced from their mainshocks [Dodge et al., 1996; Jones et al., 1982] .
[21] We also observe that the foreshocks occur in two distinct time periods that exhibit different spatial patterns. 20 to 13 hours before the mainshock, the foreshocks fall almost exclusively on a well-defined plane (black circles in Figure 4 ). There is a five-hour gap between this activity and the cluster occurring from eight to three hours prior to the mainshock (open circles in Figure 4) . After a M2.0 and a M3.7 foreshock that occur about eight hours prior to the mainshock, the subsequent foreshocks are more diffuse. Location error on some of these later events, however, makes it difficult to determine how much of this expansion is real. Also, there is no clear, sequential progression of foreshocks towards the mainshock, or indication that prior events are directly triggering subsequent events.
[22] Other investigators have examined expanding foreshock zones as a potential indication of nucleation zone size [Ohnaka, 1992; Abercrombie et al, 1995; Dodge et al, 1996] . Dodge et al. find that foreshock hypocenters for the six sequences they studied tended towards the mainshock hypocenter over time more than they expand away from their own centroid.
[23] Although there is slightly more spread in location of the later Hector Mine foreshocks than the earlier ones, there is no dramatic expansion away from the foreshock centroid. Unfortunately, this measurement is dominated by the depth variation. If we look only at distance from the mainshock in two dimensions, we find that some later foreshocks fall closer to the mainshock hypocenter than most of the earlier foreshocks, which suggests slip localization as described for faults modeled with rate-and state-dependent strength [Dieterich, 1992] . We note that the size of the Hector Mine nucleation zone is consistent with a possible scaling of foreshock zone extent with earthquake magnitude found by Dodge et al. [1996] , and qualitatively, the lack of triggering in the foreshock sequence, the foreshock mechanisms and the mainshock location in the stress shadow of the foreshocks do not suggest static stress triggering.
Conclusions
[24] From a visual examination of the continuous record, we find that the Hector Mine foreshock sequence contains at least 45 events, not just 18 as originally identified from locations in the SCSN. It appears that foreshocks may be more common than previously thought. The sequence delineated a clear N-NW trending structure, and seems to occurs on a different plane from the mainshock initiation. Low snr doesn't necessarily prevent reliable relative arrival time information from cross-correlation, opening up more and diverse regions of seismicity for correlation and relocation.
